Introduction {#S0001}
============

Extracellular vesicles (EVs) or exosomes are small, spherical vesicles with a diameter of \~40--100 nm that are secreted into the extracellular milieu by many cell types upon fusing the membrane of multi-vesicular bodies (MVBs) with the plasma membrane. In contrast, micro-particles (MPs), which include not only EVs, but also micro-vesicles (MVs), apoptotic bodies and apoptotic MPs are typically small particles ranging from 50 nm to 3 µm in diameter. Secreted MPs derived from MVBs fused with the plasma membrane are termed EVs, while MPs released from the surface of plasma membranes are referred to as MVs, membrane particles as well as apoptotic vesicles \[[1](#CIT0001)\]. Recent studies are now showing EV release which may be a highly regulated process instead of a random process for the removal of unwanted internal cellular debris as originally thought \[[2](#CIT0002)\]. EVs located in biological fluids attract enormous interest because of their potential use as a source of protein and nucleic acid biomarkers, or as a prospective delivery system for various therapeutic purposes \[[3](#CIT0003)\]. A simple and efficient method for the enrichment of EV from complex biofluids, such as plasma samples, that addresses the many pitfalls of currently used methods would be useful in the research, clinical and commercial setting.

Blood samples frequently contain large quantities of soluble proteins, aggregates and contaminants from other organelles that restrict the accuracy of EV analysis. Limitations of current methods in enriching EVs from complex biological fluids include sample volume requirements, carryover of undesired high-abundant proteins and interference of downstream analysis due to leftover of method-based reagents. Differential ultracentrifugation (UC) was the gold standard to separate EVs \[[4](#CIT0004)\], which aids in the removal of most of the plasma contaminants. However, time-consuming steps, large sample volume requirement leads to poor reproducibility and restrict its utilities for large-scale studies; immuno-precipitation (IP), while providing faster process, are restricted only to certain EV subpopulation with known surface proteins, which limits its value to identify novel biomarkers. More recently, polymer-based enrichment techniques by, for example, PEG8000 has been used to enrich EVs \[[5](#CIT0005)\].

Previous studies have compared the reproducibility and efficiency in enriching plasma-derived EVs between UC and polyethylene glycol (PEG)-based methods \[[6](#CIT0006)--[8](#CIT0008)\]. Though results might vary from study to study, the conclusion in general was that UC may obtain EV with relatively better purity but with very low efficiency. In contrast, PEG-based method offers higher efficiency and better reproducibility, but in the cost of huge contamination of high-abundant plasma proteins. High viscosity and carryover for PEG-based method also might affect the compatibility to the downstream applications, such as electro-microscopy (EM), mass spectrometry (MS) and flow cytometry (FL). Procedures that are used for the removal of the polymer are often tedious and incomplete.

Pluronic block copolymers consist of ethylene oxide (EO) and propylene oxide (PO) blocks arranged in a triblock structure: EOx--POy--EOx. This arrangement results in an amphiphilic copolymer, in which the hydrophilicity and hydrophobicity could be altered by varying the size of the hydrophilic EO(x) and hydrophobic PO(y) units \[[9](#CIT0009)\]. Pluronic block copolymers F68 and related F127 have been reported to have broad utilities and biological properties: Copolymers with higher hydrophilic/lipophilic balance (HLB) (e.g. F-68, HLB0.80) were shown to be capable of being inserted into lipid bilayer membranes and able to restore the integrity of damaged membranes \[[10](#CIT0010)--[13](#CIT0013)\]; F68 was also shown to be capable of inhibiting protein aggregation \[[14](#CIT0014)\]. These biological properties seem to be in large contrast to those from PEG, and offer the potential to increase the selectivity of EV precipitation when enriching from complex biofluids, such as plasma.

An ideal method of enriching EVs from plasma might be a balance between high efficiency, low contamination and simplicity. We describe here a plasma EV enrichment method based on the Pluronic block copolymer F68, which might be able to balance these three requirements. The enrichment method described here is more selective for plasma EV fraction with high efficiency, while much less contamination from high-abundant plasma protein, making it ideal for larger scale plasma EV biomarker studies. To demonstrate its potential utility, plasma EVs from 20 high-grade (stage III and IV) breast cancer patients and age-matched non-cancer controls were profiled and compared in the current study to identify features in the EVs that might be related to breast cancer aggression, metastasis and invasion.

Experimental procedures {#S0002}
=======================

Cell line EV preparation {#S0002-S2001}
------------------------

Cell line used in this study in includes Vcap, MCF7, T47D, MDA-MB-231, MDA-MB-468. Cell culture: Fetal bovine serum (FBS) (20% in Dulbecco\'s Modified Eagle Medium (DMEM)) was depleted of bovine EV by centrifugation at 100,000g for 16 h at 4°C. Vcap cells were cultured in DMEM, MCF7 cells were culture in EMEM, T47D cells were cultured in RMPI1640, MDA-MB-231/468 were cultured in L15 medium, all supplemented with 10% depleted FBS, 2 mM L-glutamine, 1 U/mL penicillin and 1 μg/mL streptomycin at 37°C and 5% CO2. Cell-line-generated EVs were isolated from cell cultures supernatant by sucrose density centrifugation. Briefly, supernatant was cleared of cells and cellular debris by sequential centrifugation at 400g for 10 min and 2000g for 20 min at 4°C. Cleared supernatant was concentrated by centrifugal filtration (Centricon Plus-70, 100 kDa NMWL), layered on a 30% sucrose cushion and centrifuged at 100,000g for 75 min at 4°C. Supernatant was removed and discarded without disrupting the cushion interface, which was then collected, diluted six-fold with PBS and centrifuged at 100,000g for 70 min at 4°C. The resulting EV pellet was re-suspended in PBS by pipetting and incubation overnight at 4°C, and then stored at −80°C.

Breast cancer/non-cancer plasma samples and processing {#S0002-S2002}
------------------------------------------------------

Breast cancer and non-cancer samples were from Caris biorepository, age-match samples (average of 55 years old) were chosen ([Figure 5(a](#F0005))). Breast cancer samples were all from advanced clinical stage III and IV. All information regarding age and stage of the patients are listed in Supplement Table 1. Bio-specimens utilized in this experiment were obtained under an institutional review board (IRB)-approved Biorepository Protocol. All subjects were consented with an IRB approved consent form and per 21 CFR 50.20 guidelines. Blood was collected using standard venipuncture to ethylenediaminetetraacetic acid (EDTA) tubes and plasma was collected by standardized protocol and the centrifuges provided by Caris Life Sciences. Blood were then spun in the Labofuge 200 for 10 min at 5300 RPM to remove cell debris. The clear layer of the plasma was aliquoted and transferred into cryovials and store at −80°C until use. Before EV enrichment described in the following section, the plasma was quickly thawed in water at room temperature (RT) and centrifuged at 4000g for another 15 min at RT to further remove any potential protein aggregation/cell debris, clear supernatant of the plasma were then used for the EV enrichment. Plasma aliquots for the EV enrichment below were all freeze-thawed for only one time.

EV enrichment from plasma {#S0002-S2003}
-------------------------

Pluronic block copolymer F68 was from Amresco in a powder format (equivalent to VWR 95034-960), the block copolymer was dissolved in PBS to make a 15% stock solution. The stock solution is further diluted in PBS in a way that when adding 100 μL of plasma to 900μL of such solution, the final F68 concentration for enrichment is 2%; the mixture was then incubated at RT for 30 min, followed by centrifuge at 20,000g for 30 min at 4°C. The pellet was then washed with 1% F68 by vortexing followed by centrifuging for 10 min at 4°C at 20,000g; supernatant was then removed and appropriate amount of PBS was added to re-suspend the fraction. For cell line EV spiked-in sample, 1 μg of the Vcap-generated EV prepared as shown earlier was spiked into 100 μL plasma. Plasma EV extraction by Exoquick (System Biosciences, Inc.) and Total Exosome Isolation kit (ThermoFisher, TEI), instructions for 100 μL of plasma were followed. Protein quantification was performed by microBCA kit from Thermo Scientific, according to manufacturer's instructions.

DLS, ELISA and western blot {#S0002-S2004}
---------------------------

Particle size distributions were measured by DynaPro Plate Reader II (Wyatt Technology Corporation, Santa Barbara, CA), in three replicates, 5 acquisitions of 5 s each at 25°C. PBS buffer and UC-isolated cell line EV were used as controld; direct CD9 ELISA was performed as follows: 1 μg of the protein from neat plasma, plasma with cell line EV (Vcap) precipitated by F68 and plasma alone precipitated by F68 were coated on the 96-well ELISA plate overnight at 4°C, the plates were blocked by 1% BSA in PBS for 1 h; biotinylated anti-CD9 monoclonal antibody (Abcam, ab34161) was added as detection antibody followed by streptavidin-HRP; 100 μL of Ultra ELISA Substrate (Pierce) was used and OD450 was recorded by the BioTek plate reader; for western blot, protein samples were separated on 4--12% Bis Tris protein gel and transferred to a polyvinylidene difluoride (PDVF) membrane. Primary antibody includes mouse anti-CD9 (Abcam), mouse anti-β actin antibody (Abcam), mouse anti-HSP70 antibody (Abcam), rabbit anti-Von Willebrand Factor antibody (Abcam), rabbit anti-human serum albumin antibody (Abcam), mouse anti-alpha2 macroglobulin antibody (Abcam) and rabbit anti-human IgG antibody (Abcam). Chemiluminescent signals were captured by imager (PXi, Syngene).

RNA analysis, RNA sequencing, small RNA (smRNA) sequencing and miR assay {#S0002-S2005}
------------------------------------------------------------------------

To extract total RNA and smRNA, Trizol LS reagent was used (ThermoFisher). RNA, including total RNA and smRNA, was purified through the miRNeasy column (Qiagen) according to manufacturer's instructions. All samples were eluted in 20 μL of RNase-free water. About 1 μL of these samples was used for bioanalyser analysis (Agilent). Density analysis of the small RNA bands was performed by ImageJ software package \[[15](#CIT0015)\]. To prepare total RNA Next Gen Sequencing (NGS) library, SMARTer Stranded Total RNA-Seq Kit (Clontech) was used and sequenced on the illumine Miseq instrument according to manufacturer's instructions. The data were analysed by a customized Tophat/cufflinks pipeline \[[16](#CIT0016)\] against the ensemble-GRCh38 human genome and further categorization according to their biotypes from Ensemble GRCh38.85 RNA annotation. For smRNA sequencing, the library preparation was performed according to the instruction of Clean-Tag smRNA kit from Trilink Biotech. Data were then analysed by customized smRNA pipeline, reads were normalized to RPM (reads per million mapped read) for comparison; smRNA recovery was also examined by let-7a Taqman probe assay (ThermoFisher), same amount of eluted sample was used. Direct Ct from the qPCR results was used to evaluate the recovery efficiency of the let-7a miRNA. For comparing enrichment of let-7a from plasma-enriched EVs to plasma alone, relative abundance was analysed by ΔΔCt method with miR-451a as reference miR (one of the most abundant miR found in plasma \[[17](#CIT0017)\]).

Transmission electron microscopy (TEM) {#S0002-S2006}
--------------------------------------

TEM and immuno-TEM analysis of EVs were performed as described previously \[[4](#CIT0004)\] with modifications. Specifically, the vesicle was re-suspended in 1× PBS and deposited onto a formvar-coated slide of copper mesh EM grids (FF300-Cu-50, Electron Microscopy Sciences). The vesicle-coated grids were washed, stained with 1% UO~2~(CH~3~COO)~2~ and then viewed by TEM using a Philips CM12 with Gatan model 791 camera; for the immuno-gold labelling with antibodies, blocked grids coated with EVs were briefly fixed by ice-cold 1:1 ethanol/methanol for 5 min followed by washing with PBS. The grids were then transferred to a drop of the anti-CD9 antibody (Abcam) in PBS with 1% BSA, 0.01% Tween20 and incubated for 30 min. The grids were then washed and incubated with gold-labelled secondary antibody (Sigma). The grids were stained with 0.5% UO~2~(CH3COO)~2~ and then imaged by TEM.

Flow cytometry analysis {#S0002-S2007}
-----------------------

The isolated EVs were labelled with a cocktail of mouse anti-CD9-PE (BD), anti-CD63-PE (BD) and mouse anti-CD81 PE (BD) or Mouse IgG1 kappa PE as isotype antibody control (eBioscience). PBS, antibody isotype control, anti-tetraspanin cocktail diluent as well as samples without staining were processed as controls. PE fluorescence intensity associated with particle events was measured by FL (A50-Micro, Apogee Flow Systems); data analysis was performed in R3.2.2 environment with customized script, details provided in Supplementary Methods.

Shotgun proteomics {#S0002-S2008}
------------------

In-solution trypsin digestion was performed according to manufacturer's instructions (ThermoFisher). Samples were analysed by nanoflow reverse phase liquid chromatography using a Dionex Ultimate 3000 RSLCnano System (ThermoFisher) coupled in-line to a Q Exactive HF mass spectrometer (ThermoFisher). The nano-LC system included an Acclaim PepMap 100 C18 5 μm 100A 300 μm × 5 mm trap column and an EASY-Spray C18 2 μm 100A 50 μm × 150 mm analytical column (ThermoFisher). Peptide samples were eluted with a two-step gradient of 2--30% B for 28 min and then 30--45% B for 5 min, where B consisted of acetonitrile containing 0.1% formic acid. Blank samples consisting of 0.1% formic acid in water were injected between each sample and eluted with the same gradient profile and times as the samples. The LC system was interfaced with the MS using an EASY-Spray electrospray ion source (ThermoFisher) and the samples were analysed using positive ion spray voltage set to 2 kV, S-lens RF level at 65, and heated capillary at 285°C. The Q Exactive HF was operated in the data-dependent acquisition mode for fragmentation. MS1 survey scans (m/z 400--1400) were acquired in the Orbitrap analyser with a resolution of 120,000 at m/z 200, an accumulation target of 3 × 10^6^, and maximum fill time of 50 ms. MS2 scans were collected using a resolution of 30,000 at m/z 200, an accumulation target of 1 × 10^5^, and maximum fill time of 100 ms, with an isolation window of 1.5 m/z, normalized collision energy of 28, and charged state recognition between 2 and 7.

ProteoWizard \[[18](#CIT0018)\] was used for peak-picking, filtering out peaks with intensity less than 100 and converting the file to mzML format. Protein search and identifications were performed using MS-GF+ \[[19](#CIT0019)\] search engine on Homo sapiens (Uniprot TaxID = 9606). For semi-quantification analysis, algorithm was establish according to the previous normalized spectra index algorithm \[[20](#CIT0020),[21](#CIT0021)\] with modifications: sum of intensity from each peptide MS2 scan was normalized by the parent peptide charge, such normalized intensity for the same peptide from different MS2 scans was then sum together; sum of the normalized intensity for the same peptide is then further normalized by the experimental molecular weight of the peptide, as a unit of normalized intensity per Dalton (mass). Normalized intensity per mass between different peptides of the same protein detected in the same sample was then averaged to obtain the final spectrum index (SI). For relative abundance, the SI was further normalized by the average total MS2 intensity among all samples.

Protein categorization {#S0002-S2009}
----------------------

To categorize the proteins for their relevance to EVs, individual GO terms were query for GO definition of extracellular exosome (0070062), cytoskeleton (0005856), cell surface receptor (0007166), endosome (0005768), Golgi apparatus (0044431), blood microparticles (0072562), endoplasmic reticulum (0044432), mitochondrion (0044429) and nucleosome (0000788). ExoCarta database version 5 was obtained from [www.exocarta.org](http://www.exocarta.org). For the second categorization, all the proteins that could be found with GO terms of extracellular exosome, cytoskeleton, cell surface receptor, endosome as well as the ones that could be found in ExoCarta database were regarded as 'Potential EV' proteins; proteins with GO terms of blood microparticles, endoplasmic reticulum, mitochondrion as well as nucleosome were regarded as 'Potential Contaminant'. The proteins that match both potential EV and potential contaminant terms are regarded as 'Undetermined'.

Statistical models {#S0002-S2010}
------------------

All the analyses were performed in R 3.2.2 environment. Leave-one-out (LOO) cross-validation model was built based on random forest. Briefly, to predict each test sample (1), the rest of the sample (39) was used as training set to build the model. In order to select the most important features to maximize the removal of trivial features, a second layer of LOO models was built within the 39 training set samples. Second layer of LOO models were built in order to select the most important features: LOO model again built on every 38 sample to predict the 1 test sample sequentially, among the 39 second layer LOO models, only features that showed in ≥ 90% of the models (≥35) was selected. These selected features in the second layer LOO models were then used to build the final prediction model for the whole training set and calculate the probability of the test sample. The predicted probabilities for individual samples from the LOO cross-validation model were then used to plot the area under the curve (AUC). The final set of selected features were then collected by combining all the features retained in all the individual training models for the un-supervised cluster Heatmap.

Permutation prediction was performed by permuting the sample label (cancer/non-cancer) 10,000 times, same model as described earlier was applied to calculate the AUC for each permutation. Statistical significance *p*-value was given by the percentage of permutation AUC that are higher or equal to the AUC performance from the correct label.

All other statistical analyses include mean, SD and *t*--test, which were calculated either in Excel or in R environment. Graphics were also created in either R environment or  Excel.

Results {#S0003}
=======

Pluronic block copolymer F68 as a reagent to enrich EVs from plasma {#S0003-S2001}
-------------------------------------------------------------------

In order to examine whether the pluronic copolymer could be used as a reagent to enrich EVs from plasma, we first examined if the enriched fraction contains EV size particles. Plasma was precipitated by 2% of F68 as described in 'Methods' section. Same protocol was also applied to UC purified cell line EVs diluted with or without plasma as positive controls. Dynamic light scatter (DLS) and TEM were used to determine the size distributions and morphology of the particles recovered, respectively.

As shown in [Figure 1(A)a](#F0001a), cell line EVs purified by UC were at size around 100 nm and ranged between 30 and 300nm, cover the EV sizes reported previously \[[2](#CIT0002)\]. Distribution in the cell line EVs precipitated by F68 in absence/presence of plasma showed consistent pattern to the cell line EV alone ([Figure 1(A)b/c](#F0001a)). Size distributions for plasma EV enriched by F68 ranged between 20 and 100 nm ([Figure 1(A)d](#F0001a)), which matches exactly the size of EV described previously \[[2](#CIT0002)\]. In contrast, the PBS buffer control only showed particles below 10 nm ([Figure 1(A)e](#F0001a)), which is far below the expected EV size range, indicating that the particles in the buffer solution would not interfere with the analysis. Besides the major population, there were a small subpopulation of particles with a size distribution around \~1000 nm found in both cell line EVs enriched by UC and the plasma particles precipitated by F68 ([Figure 1(A)a/b/c/d](#F0001a), invisible in b, it exists but is very low). This small portion of this subpopulation may consist of particles made up of MVs, apoptotic bodies or potential EV aggregates.10.1080/20013078.2018.1458574-F0001aFigure 1.Characterization of the EVs enriched by pluronic copolymer F68. (A) DLS characterization of the particle size: (a) cell line EV, (b) cell line EV in PBS precipitated by F68, (c) cell line EV in plasma enriched by F68, (d) native plasma EV enriched by F68, (e) PBS buffer control; (B) TEM image of EVs from (a) the cell line EVs, (b) cell line EV in PBS precipitated by F68, (c) plasma with cell line EV spike-in precipitated by F68, (d) native plasma EVs enriched by F68 with arrow point to the label of the EV size. All scales of the images are 100 nm as shown by the scale bar on lower left corner of the images; (C) CD9 Immuno-gold TEM, EVs from (a) cell line EVs, (b) plasma spiked with cell line EVs and precipitated by F68 and (c) native plasma EV enriched by F68, were labelled with anti-CD9 antibody followed by secondary antibody with gold particle; (D) direct CD9 ELISA, 1 μg of proteins from each sample were used, two replicate per sample (\*significantly higher than corresponding plasma sample, *p* \< 0.05); (E) smRNA recovery analysis: (a) gel image from bioanalyser for comparing smRNA recovery efficiency, all samples were processed in the same way, equal volume of the eluted sample (1 μl) were analysed. Arrow point to the three most concentrated bands for density analysis; (b) density analysis of three distinct cell line EV smRNA bands (140 bp, 90 bp and 60 bp). Plots comparison including density from individual band and combined density from all three bands are shown; (F) relative abundance (ΔΔCt analysis) of let-7a microRNA from EV fraction enriched by F68 method compared to original plasma, 5 replicate for each sample (plasma as reference sample, miR-451 as reference miR; \*significantly higher than corresponding plasma sample, *p* \< 0.05); (G) protein recovery by F68 precipitation with cell line EVs in PBS. (H) Flow cytometry: (a--g) EVs enriched by F68 from plasma spiked with cell line EV; (d--h) native plasma EVs enriched by F68; (a, d) samples without labelling with antibody; (b, e) samples labelled with isotype antibody-PE antibody; (c, f) samples were labelesd with tetraspanin antibody-PE cocktail (CD9/63/81). Green line and red lines are the minimal/maximal thresholds for SALS-area and LALS-area, respectively, to gate the particle population. The extracted particle events are then projected in the event distribution histogram according to their PE fluorescence signal strength. (g) Event distribution histogram for EV enriched from plasma sample spiked with cell line EVs and (f) event distribution histogram for native plasma EVs enriched by F68. (Tet+: tetraspanin CD9/63/81 antibody-PE positive population; isotype+: isotype antibody-PE positive population) (For more details of the FL analysis, see Supplement Figure 1). 10.1080/20013078.2018.1458574-F0001bFigure 1.Continued

TEM was used to capture more morphological detail of the enriched particles. UC purified cell line EVs, alone or recovered by F68 precipitation (in presence or absence of plasma), showed intact round-shaped vesicles with membrane structure ([Figure 1(B)a/b/c](#F0001b)), similar to the shape of EV that was described in a previous study \[[2](#CIT0002)\]. The native plasma particles recovered by F68 precipitation also showed similar shape with membrane structure and size (around 100 nm) ([Figure 1(B)d](#F0001b)), which is consistent with the DLS results, indicating that the particles recovered from the plasma by the copolymer are in EV size range membrane structure.

To find out if the particles could be associated with tetraspanin, a common EV indicator, enriched plasma EVs were labelled with immune-gold by anti-CD9 antibody \[[22](#CIT0022)\]. For these scans, a modified protocol with ethanol/methanol fixation procedure was adopted. As a result, the shapes of EVs appeared to be more condensed and with lighter contrast compared to the regular protocol mentioned earlier. TEM scans shows cell line EVs alone or precipitated by F68 were able to be labelled with gold particles against CD9 marker as expected ([Figure 1(C)a/b](#F0001b)), indicating the presence of CD9 on their surface. Native plasma EVs enriched by F68 were also able to be labelled with anti-CD9 gold particles ([Figure 1(C)c](#F0001b)), indicating as a potential EV marker, tetraspanin CD9 were also associated with the native plasma EVs enriched by F68.

To confirm whether the CD9 EV marker was indeed enriched, the enriched plasma EV fraction recovered by F68 was further examined by a direct CD9 ELISA as shown in [Figure 1(D](#F0001b)). As expected, the cell-line EV-spiked plasma, after enriched by F68, showed significant higher signal compared to the same amount of plasma protein without enrichment (*p* \< 0.05). Similarly, plasma EVs enriched by the copolymer also showed significant higher CD9 signals compared to the plasma control (*p* \< 0.05), indicating EV marker CD9 was indeed enriched in the F68 precipitated fraction.

The EV recovery efficiency by the copolymer was also evaluated by the EV small RNA recovery from the precipitation of plasma samples with cell-line-generated EVs. Three distinct smRNA patterns (\~140bp, \~90bp and \~60bp) could be detected from Vcap cell-line-generated EVs ([Figure 1(E)a](#F0001b)). Such smRNA signature could be used to evaluate the recovery rate of EVs by densitometry analysis. We hypothesized that if the precipitate reagent is harmful to the EVs, for example, disrupting the membrane structure, internal material including the RNAs would be degraded or removed during the washes and reflect on the intensities of the smRNA signature bands. As shown in [Figure 1(E)a](#F0001b), patterns and intensity of the cell line EV in PBS precipitated by F68 are comparable to the direct RNA extraction from same amount of cell line EVs. At the same time, EV enriched from plasma sample with cell line EVs by F68 show same smRNA pattern as the cell line EV alone, and the intensities of those signature bands were also not that different compared to the cell line EV controls.

To further evaluate the cell line EV smRNA recovery rate by the precipitation more quantitatively, densitometry analysis was performed for all three individual smRNA bands and summarized in [Figure 1(E)b](#F0001b). As shown, no significant difference was observed from analysing respective smRNA bands between cell line EV, cell line EV precipitated by F68 and cell line EV in plasma precipitated by F68 samples (*p* \> 0.05), nor by the combined density of all three signature bands between those three samples (*p* \> 0.05). The recovery rate of each individual band for cell line EVs in PBS precipitated with F68 ranged from 93% to 100% with final combined rate of 97% in reference to the cell line EV control. Recovery rate of each individual band for cell line EVs in plasma precipitated with F68 also ranged from 97% to 102% with final combined rate of 98%. The average recovery rate in sample with cell line EVs in plasma is slightly more than the cell line EV in PBS alone. This may be partially due to some additional recovery of small RNAs from native EVs in plasma. High recovery rate of the spiked-in EVs smRNA suggested high recovery efficiency for spiked-in cell line EVs in presence of plasma, which in turn implies high recovery rate for the native plasma EVs.

miR let-7a has been reported to reside inside EVs \[[23](#CIT0023)--[25](#CIT0025)\] and it was highly expressed in our cell-line-generated EVs (Vcap). In addition to the evaluation of efficiency by the smRNA pattern and densities from bioanalyser, let-7a recovery rate was also examined by qPCR. No significant difference was observed in let-7a level between cell-line EV spiked plasma precipitated by F68 to same amount of cell line EV alone (Ct 22.3 ± 0.08 vs. Ct 22.8 ± 0.06, *p* \> 0.05), indicating that the level of let-7a recovered by F68 was comparable to the level from same amount of original cell line EVs, consistent with the smRNA analysis that shows high recovery rate of EV smRNA from the F68 enrichment.

Let-7a level from native plasma EVs precipitated by F68 was also compared to the let-7a level from whole plasma extraction. There was no significant difference in recovered let-7a level in the plasma EVs enriched by F68 compared to same amount of plasma RNA extraction (Ct 31.6 ± 0.3 vs. Ct 31.4 ± 0.7, *p* \> 0.05), indicating that the precipitation was able to fully recover most of the circulated plasma let-7a microRNAs. Meanwhile, relative enrichment of let-7a in comparison to the original plasma was also evaluated by ΔΔCt analysis by normalizing let-7a levels to miR-451a, one of the most abundant plasma miR reference \[[17](#CIT0017)\]. As shown in [Figure 1(F](#F0001b)), let-7a level in the plasma EVs fraction precipitated by F68 enriched more than 20-folds from the corresponding neat plasma, mostly because of the significant reduction in recovery of plasma high-abundant miR-451a (Ct 26.4 ± 0.5 vs. Ct 22 ± 0.7, *p* \< 0.05). The results indicate that EV-related miR like let-7a was enriched by the F68 precipitation, while plasma-related miR was significantly reduced, suggesting that the high recovery of native plasma EVs could be obtained by the copolymer precipitation.

Alternatively, EV recovery efficiency was also analysed in terms of protein recovery rate. Cell line EVs in PBS were precipitated by F68 according to the above-mentioned protocol. Protein amount from before and after were then measured and the protein recovery rate was then calculated. As shown in [Figure 1(G](#F0001b)), about 80% of the cell line EV proteins (before: total protein amount is 9991 ± 1156 ng, after: 7852 ± 852 ng, 4 replicates for each sample) were recovered after the precipitation. The result is largely in agreement with the result that shows \>90% recovery by smRNA densitometry analysis and let-7a qPCR analysis.

To further verify the EV identity of the particles recovered from F68 precipitation and the samples' compatibility to downstream application, FL analysis was performed. EVs enriched by F68 precipitation were labelled with a fluorescence labelled anti-tetraspanin (CD9/63/81) antibody cocktail. [Figure 1(H)abc](#F0001b) shows FL analysis of the EVs enriched by F68 from plasma sample with cell line EVs: when the enriched particles were not labelled with any antibody, majority of the particles distributed horizontally along the SALS-area axis with very narrow LALS-area range ([Figure 1(H)a](#F0001b)); similar pattern was also found for the same particles labelled with isotype antibody control ([Figure 1(H)b](#F0001b)). In contrast, when the particles were labelled with anti-tetraspanin cocktail antibodies, a more condensed population was observed with an correlated LALS- area/SALS-area signal appeared on the plot and an angle against the horizontal minor population ([Figure 1(H)c](#F0001b)). Such population was clearly distinct from the noise particles found in samples labelled with isotype antibody as well as non-labelled particles, suggesting that a positive binding by the tetraspanin antibody might have an effect on the integrated signal for the light scatter measurement on the EV size particles, indicating that the population of antibody-labelled EVs could be separated based on such plot from integrated area of light scatter signal.

Based on such findings, native plasma EVs enriched by F68 copolymer were also analysed by the same scheme. Similar pattern was found as shown in [Figure 1(H)def](#F0001b); native EVs enriched from plasma, when labelled with tetraspanin antibody, show two distinct populations ([Figure 1(H)f](#F0001b)), one aligned to the distribution from non-staining controls ([Figure 1(H)d](#F0001b)) as well as the sample stained with isotype antibody control ([Figure 1(H)e](#F0001b)), and the other population show signal range similar to the positive control in [Figure 1(H)c](#F0001b).

Based on such findings on the light scatter plot, minimal and maximal threshold were determined manually ([Figure 1(H)a-f](#F0001b), green and red lines, for two-step gating see Supplement Figure 1) to select the particles events for fluorescence signal analysis. The selected populations were summarized in distribution histogram according to their PE fluorescence signals. EVs enriched from plasma sample with cell-line EVs showed that majority of the selected populations were tetraspanin positive (green) while the non-specific events that associated with isotype-antibody-PE labelling in the selected population were minimal (blue, almost not visible) ([Figure 1(H)g](#F0001b)). In the native plasma EVs enriched by F68, similar pattern was also shown with more tetraspanin-positive events compared to the non-specific signal from isotype-PE labelling ([Figure 1(H)h](#F0001b)), while the PE signal range in the selected population is very similar to that from cell line EV spiked plasma positive control shown in [Figure 1(H)g](#F0001b). This result further confirms that there is a subpopulation from native plasma EVs enriched by F68 which could be identified with similar tetraspanin expression pattern compared to the cell-line-generated EVs. (For more detailed description of the analysis and more controls, see Supplement Figure 1A-D.)

Proteomic profiling of plasma EVs enriched by pluronic copolymer {#S0003-S2002}
----------------------------------------------------------------

Our results have shown that the plasma particles enriched by F68 precipitation were EV-size membrane structures and contained RNA/miRNA, part of them contained EV marker tetraspanin proteins. While tetraspanins (CD9/63/81) are frequently used as potential EV markers, they are certainly not the universal markers for all EV populations from varieties of cell types \[[22](#CIT0022)\], especially in plasma. To evaluate what potential EV-related proteins could be detected and enriched by the copolymer method, shotgun semi-quantitative MS analysis was performed. In addition, in order to evaluate the purity of the plasma EV recovered, two commercially available PEG-based EV enrichment methods (Exoquick and TEI) were also used for comparison.

The EV fractions from same plasma were enriched from three different protocols: F68, Exoquick and TEI Kit. After the enrichment according to respective protocols, protein recoveries were first measured and compared: total protein recovery was 0.46% for F68 protocol, 16% from Exoquick protocol and 4.6% for TEI kit. As \>99% of the protein mass in plasma were from high-abundant plasma proteins \[[26](#CIT0026)\], protein mass related to EV was not expected to be high. In contrast, higher yield might imply high-abundant plasma protein contamination instead.

Both high-abundant plasma proteins (including serum albumin as ALB, Alpha-2-macroglobulin as A2M and human plasma antibody as IgG) and the EV-related proteins (including β-actin as ACTB, Heat shock 70 as HSP70 and von Willebrand factor as VWF) were examined by the semi-quantitative MS analysis. ALB and IgG are the two most abundant plasma proteins, and A2M is also one of the high-ranking proteins in the plasma \[[26](#CIT0026)\]. High amount of ALB not only implies plasma protein contamination, but also might reduce the sensitivity of the MS by narrowing its dynamic range of analysis. On the other hand, CD9, ACTB, HSP70 and VWF were used as indicators of plasma EV enrichment. ACTB is cytoskeleton protein while HSP70 is cytosolic proteins and both were reported to be enriched in EVs \[[27](#CIT0027)--[29](#CIT0029)\]. VWF has been reported to be one of the protein markers found in platelet-derived EVs \[[28](#CIT0028),[29](#CIT0029)\], which accounts for 70-90% of the EVs in the plasma. Protocols that could enrich plasma EV should be most likely to include this protein.

Western blots were first used to examine these general EV protein indicators. As shown in [Figure 2(a)](#F0002), the relative abundance of ALB in the neat plasma was obviously the highest of all; Exoquick and TEI kit were able to reduce that slightly but not very significantly. Level of ALB in plasma EV enriched by F68 dropped dramatically based on the intensity of the blotting. In comparison to A2M and IgG levels, EVs enriched by F68 methods consistently showed lowest contamination of these two proteins compared to other two methods. In contrast, Exoquick showed highly enrichment of A2M and IgG, while TEI kit showed slight reduction in A2M but almost same level of IgG compared to neat plasma.10.1080/20013078.2018.1458574-F0002Figure 2.Comparing different plasma EV enrichment methods. (a) Western blot comparison of plasma high-abundant protein and EV-related protein among three precipitation reagents used. Plasma high-abundant proteins include serum albumin (ALB), Alpha-2-macroglobulin (A2M), plasma antibody (IgG). Plasma EV-related proteins include CD9, β-Actin (ACTB), Heat Shock 70 (HSP70) and von Willebrand factor (VWF); (b) same comparison of the plasma high-abundant proteins and EV-related proteins by semi-quantitative shotgun proteomic analysis. (Exoq: Exoquick; TEI: Total Exosome Isolation Kit, 4 replicate per sample; \*significantly lower compared to original plasma (*p* \< 0.05); \*\*significantly lower compared to Exoquick/TEI methods (*p* \< 0.05); \*\*\*significantly enriched compared to original plasma; \*\*\*\*significantly enriched compared to Exoquick/TEI methods.)

On the other hand, tetraspanin CD9 and ACTB were only detected in plasma EVs enriched by F68 and TEI kit but not detected in EVs enriched by Exoquick as well as neat plasma; HSP70 was enriched in all three methods compared to the neat plasma with highest level in EVs enriched by TEI kit, followed by EVs from F68 and Exoquick respectively. VWF was significantly enriched in plasma EVs enriched by F68, which is also higher than those from samples enriched by Exoquick and TEI kit respectively.

Semi-quantitative MS analysis of the same proteins as mentioned earlier is shown in [Figure 2(b](#F0002)). As expected, the plasma contained the highest level of ALB. Plasma EVs enriched by Exoquick and TEI reduced ALB by about 70%, but both were still more than 400% higher than that from F68 method. A2M protein was significantly reduced by 65% in plasma EVs enriched by TEI kit compared to neat plasma (*p* \< 0.05), A2M was completely removed from the plasma EVs enriched by F68; in contrast, plasma fraction enriched by Exoquick showed significant enrichment of A2M compared to others (*p* \< 0.05). Plasma-enriched EVs by F68 method significantly reduced the recovery of IgG proteins to about 35% compared to the neat plasma (*p* \< 0.05), while plasma fraction enriched by Exoquick again significantly enriched more IgG than the other two methods (*p* \< 0.05).

Relative abundance of ACTB was enriched in plasma EV from both F68 and TEI protocols, while the enrichment of ACTB in Exoquick was significantly lower than the other two; HSP70 levels were also shown to be enriched by all three methods compared to neat plasma, with the highest by TEI and comparable level enrichment between Exoquick and F68. Most significantly, relative abundance of VWF was shown to be highly enriched in EV fraction by F68 protocol compared to others (*p* \< 0.05), which was more than 16-folds higher than that from TEI Kit protocol and over 4-folds higher than that from Exoquick protocol.

The results between western blot and the semi-quantitative MS analysis were highly consistent, which gives the confidence of using such semi-quantitative method for global comparisons. Though CD9 was readily detected on the western blot, it and other tetraspanins were very difficult to be detected in MS, partially due to high hydrophobicity \[[30](#CIT0030)\]. However, the western blot of CD9 confirmed the enrichment of the tetraspanin protein in the plasma particles enriched by F68 precipitation, consistent with the result from ELISA, TEM and FL analysis.

Over 5000 proteins were identified by the shotgun proteomic analysis from all three methods. In [Figure 3(A](#F0003)), all detected features regardless of the quantitation are all used in the Venn diagram. Set of features that are unique to each individual method that are not detectable in others are obtained. Over half of those proteins (2648) shared common features from all methods as well as in the corresponding plasma. Ninety-three unique proteins were identified from EVs enriched by F68 compared to others, which is quite similar to that from Exoquick (88) and slightly more than TEI kit (76). Compared to Exoquick and TEI kit, the unique protein numbers are quite even in either comparison (F68 vs. Exoquick: 629 vs. 614; F68 vs. TEI Kit: 587 vs. 595).10.1080/20013078.2018.1458574-F0003Figure 3.Categorization of plasma EVs proteins enriched from different enrichment method. (A) Venn diagram of unique and shared identified protein features (in terms of detectable and non-detectable) in MS analysis from F68, Exoquick, TEI kit as well as the corresponding plasma; (B) Venn diagram of unique and shared protein features identified from the semi-quantitative MS analysis from different EV enrichment protocols that are highly enriched from the corresponding neat plasma\*; (C) \*\*a/b: protein categorization for plasma EV enriched by F68, c/d: protein categorization for plasma EV enriched by Exoquick, e/f: protein categorization for plasma EV enriched by TEI. \*The highly enriched feature is defined as the average of relative abundance is significantly higher (*p* \< 0.05 by *t*-test) than the corresponding neat plasma by equal or over 10-folds from respective methods; \*\*unique protein features for individual method identified in **A** and **B** were categorized by their GO term to extracellular exosome (Exo), cytoskeleton, cell surface, endosome, blood macromolecule, endoplasmic reticulum (ER), mitochondrial, Golgi apparatus and nucleosome. Potential EV includes the proteins from EV, cytoskeleton, cell surface, and endosome as well as proteins that matched in Exocarta. Potential contaminants include blood macromolecule, endoplasmic reticulum (ER), mitochondrial, Golgi apparatus and nucleosome category. Undetermined category includes the proteins that could be identified either as potential EV or as potential contaminants.

To find out what proteins were enriched in the precipitates recovered by different enrichment methods semi-quantitatively, features were first filtered by none-zero data points from individual methods as well as in the neat plasma, then the average relative abundance (from four technical replicates) were compared between individual method to the corresponding neat plasma to obtain fold change of particular feature in reference to the neat plasma. It gave a finite number of fold changes and at the same time *t*-tests were performed to gain statistical significance. The highly enriched features were defined as the average relative abundance should be significantly higher (*p* \< 0.05 by *t*-test) than the corresponding neat plasma by equal or over 10-folds from respective methods. Therefore, sets of features with valid quantitative enrichment of equal or over 10-fold to neat plasma were obtained. These features from different methods were then used in the Venn diagram of [Figure 3(B](#F0003)). Among the 592 shared protein features identified from all three EV enrichment methods with significant enrichment level from plasma, 170 are unique to F68 protocol, 140 proteins are unique to Exoquick protocol and 146 proteins from TEI kit.

To explore what kind of cellular functions that the enriched proteins could be involved, the identified proteins were then categorized according to their GO terms. Proteins were first categorized by their association with extracellular exosome (Exo), cytoskeleton, cell surface, endosome, blood macromolecule, endoplasmic reticulum (ER), mitochondrial, Golgi apparatus and nucleosome ([Figure 3(C)ace](#F0003)). Cytoskeleton, cell surface and endosome-related proteins are ubiquitous, and they are most likely involved in the biogenesis of EV \[[22](#CIT0022)\]. Proteins were also queried against the EV protein database ExoCarta \[[31](#CIT0031)\] to match the EV proteins that have been identified from previous studies. These proteins were then categorized as 'Potential EV' proteins. In contrast, blood macromolecules, ER, mitochondrial, Golgi and nucleosome-related proteins are less unlikely to be present in EVs \[[22](#CIT0022)\] due to their different biogenesis pathway. They were then all categorized as 'Potential Contaminant'. Meanwhile, proteins could be identified either as 'Potential EV' or as 'Potential contaminant' categories or are regarded as "Undetermined" ([Figure 3(C)bdf](#F0003)).

In highly enriched proteins from plasma EVs recovered by F68 (including the unique features for individual methods in [Figure 3(A](#F0003),B)), 40 proteins were identified as potential EV proteins, 22 as cytoskeleton proteins, 12 as cell surface proteins, 15 as endosome related proteins and 93 proteins were found matched in ExoCarta EV protein database ([Figure 3(C)a](#F0003)). When categorized only by the three groups ('Potential EV', 'Potential Contaminant' and 'Undetermined'), there are 85 EV-related proteins, 31 proteins are undetermined, and only 20 potential contaminants ([Figure 3(C)b](#F0003)). Same analysis was also applied to the samples from Exoquick and TEI kit preparations ([Figure 3(C)cdef](#F0003)). The EV-related proteins from F68 method showed 50% more than Exoquick (40 to 26) and over 2-folds more than TEI kit (40 to 18). Similarly, the number of highly enriched 'Potential EV' proteins in F68 protocol is about 50% more than corresponding Exoquick and TEI kit protocol (85 vs. 57 and 60, respectively). As the previous results showed that the F68 method significantly reduced the high-abundant plasma protein recovery in the enriched EVs fraction, we further showed that the F68 enrichment method was able to enrich more 'Potential EV' protein features compared to the other two precipitation-based protocol while dramatically reducing the plasma high-abundant protein contaminations.

NGS profiling of plasma EVs enriched by pluronic copolymer {#S0003-S2003}
----------------------------------------------------------

Let-7a qPCR showed that the RNA inside plasma EVs enriched by F68 was well preserved. To further identify what RNAs species that exist in the plasma EVs enriched by F68, total RNA sequencing and smRNA sequencing were performed.

Total RNA profile is summarized in [Figure 4](#F0004). The genes detected in the NGS were categorized according to the biotype from Ensemble GRCh38.85 RNA annotation in terms of RNA species count ([Figure 4(a](#F0004))) as well as relative abundance according to FPKM (Fragment Per Kilo base of transcript Per Million mapped reads, [Figure 4(b](#F0004))). Among all RNA species detected in the plasma EV enriched by F68, \~58.5% are protein coding RNA species (including protein coding 52%, alternative splicing species(retained_intron) \~6.5%); about 5.7% of the transcripts match the non-sense mediated degradation category (NMD), consistent with a previous study that showed RNA species subjected to RNA degradation could be found in EVs \[[32](#CIT0032)\]. All other species are different subtypes of non-coding RNAs, including 10% transcripts without valid Open Reading Frame (ORF); 4.3% are long, intervening noncoding RNA (lincRNA), which also have been reported to be packaged into EVs \[[33](#CIT0033),[34](#CIT0034)\]; 2% MtRNA, including mitochondria-origin tRNA and rRNA, which are also reported in previous researches \[[32](#CIT0032)\]; other non-coding RNA species, such as multiple antisense RNA, snRNA, snoRNA, Y_RNA that have been reported to be packaged into EVs \[[32](#CIT0032),[33](#CIT0033),[35](#CIT0035)\], were also found in our study.

In contrast, the relative abundance analysis showed that Mt_tRNA was the most abundant RNA species from the plasma vesicle fraction precipitated by F68, accounted for more than 80%, followed by protein_conding transcripts (7.6%). Though quite some species of NMD RNA were identified, their levels are relatively low in the vesicle fraction, only accounts for less the 0.08%; Y_RNA has also relatively small amount of species number, but it accounts for more than 5% abundance of the total RNAs, consistent with the previous report that considerable amount of Y_RNA was found in EVs \[[32](#CIT0032)\].10.1080/20013078.2018.1458574-F0004Figure 4.NGS profiling of plasma EVs enriched by pluronic copolymer F68. Total RNA profiling were categorized according to their biotype (<https://www.gencodegenes.org/gencode_biotypes.html>) in two aspects: (A) RNA species numbers are summarized according to the RNA biotypes, frequencies of each RNA biotypes in reference to the total RNA species number are indicated in the pie chart; (B) frequency in the pie chart accounts for the combined relative expression level in terms of FPKM for each biotype. (C) Heatmap showing supervised hierarchical clustering of smRNA from plasma EV enriched by F68 and their corresponding plasma, from blue to red indicates smRNA expression level (log2 normalized expression). (D) Density plot of smRNAs relative abundance in comparison to plasma in terms of fold changes. Fold changes were indicated in log2 scale, red arrow to the smRNA population that are significantly enriched from the corresponding plasma.

Since the total RNA sequencing have limited capability in examining all short RNA fragments, smRNA sequencing was also performed by a ligation-based sequencing method \[[36](#CIT0036)\], whose optimal templates are 5ʹ phosphorylated RNAs, such as miRNA and those smRNA derived from tRNA (tRFs) and Y_RNA (RNY) but act like miRNA \[[37](#CIT0037),[38](#CIT0038)\]. Carious smRNA species were observed that mapped to miRNA, tRFs, RNY, piRNA as well and lincRNA with length range from 18 to 40 nucleotides. To evaluate if such smRNA profile could distinguish the enriched EVs from the corresponding plasma, a supervised-hierarchical clustering of the smRNA species was performed with the heat map shown in [Figure 4(c](#F0004)). Two smRNA clusters were formed, one enriched and the other faded in the enriched EVs compared to the corresponding plasma profiles. In addition, relative quantitative measurement showed a bimodal distribution of smRNA in reference to plasma, with one set of smRNA features enriched from the plasma ([Figure 4(d](#F0004))).

Comparing plasma EVs from advanced breast cancer non-cancer samples {#S0003-S2004}
-------------------------------------------------------------------

The above-mentioned results proved that the purposed pluronic copolymer method was able to enrich plasma EV with high efficiency with less contamination of high-abundance plasma protein. To explore its potential utility, plasma EVs from 20 breast cancers with advanced clinical stages (clinical stage III and IV) and 20 age-matched non-cancers were enriched. The semi-quantitative MS profiles were then compared to find out whether protein signatures related to breast cancer at such clinical stage could be identified from the enriched plasma EVs by F68.

Total 2108 proteins were detected in both cancer and non-cancer groups, when categorized by their respective GO term as described earlier, over 300 proteins might directly be related to EV, 185 proteins related to cytoskeleton, 76 related to cell surface proteins, 74 related to endosome and total 786 could be found in ExoCarta database ([Figure 5(B](#F0005))). Overall, 654 protein features were categorized as "Potential EV" features, 282 as "Undetermined" and 146 as "Potential Contaminant" that could be come from non-EV related organelles. Over 4 times of the potential EV proteins were identified compared to the potential non-EV contaminant, which is consistent with result from the above methodology characterization.10.1080/20013078.2018.1458574-F0005Figure 5.Clinical comparison between advanced breast cancer and non-cancer. (A) Age distribution in cancer and non-cancer group in Whiskers box plot; (B) the unique proteins identified in the patient sample (protein detected at least in 10 samples in each group) were categorized to EV, cytoskeleton, cell surface, endosome, blood macromolecule, endoplasmic reticulum (ER), mitochondrial, Golgi apparatus and nucleosome. Potential EV, potential contaminants and un-determined category are separated as described above by their GO term; (C) proteins overlapping between four breast cancer cell lines generated EVs and the clinical patient plasma sample EVs; (D) volcano plot of the cancer vs. non-cancer plasma EV samples, the *t*-test *p*-value (-log10) was plotted against the fold changes of the average relative abundance between cancer and non-cancer plasma EV samples; (E) relative abundance of protein enriched from plasma EV comparison between cancer and non-cancer group by Whiskers box plot, a: ACTB, b: VWF, c: ALB, d: A2M and e: IgG. Comparison of relative protein abundance from enriched plasma EV (blue) to the neat plasma(red) in dot plot from individual patients, f: ACTB, g: VWF, h: ALB, i: A2M and j: IgG. Pearson correlation between plasma EV and neat plasma was also calculated. Y axis is the log10 transformed relative abundance.

In order to obtain the features that could be most likely related to breast cancer and its EVs, proteomic profiling were also performed on the four EVs generated from breast cancer cell lines, including MCF7, MDA-MB-468, MDA-MB-231 and T47D ([Figure 5(C](#F0005))). A total of 3653, 5550, 3099 and 4994 proteins were detected in respective cell-line-generated EVs. About 872 proteins are shown to be shared in all four kinds of EVs.

One thing in common for all four breast cancer cell lines is that they have all shown aggressive, metastasis and invasive behaviour in various studies. We hypothesized that there might be some common features related to such cancer cell aggression behaviour. If such common factors exist in cell line EVs, they might also likely exist in the breast cancer cells from patients. Ideally, they also might be detectable from the enriched plasma EVs. By overlapping the shared proteins from cell line EVs to the enriched plasma EVs from patients, 440 proteins were identified as common features between EVs generated by all four aggressive breast cancer cell lines and the enriched plasma EVs from patients. These 440 features were not only detectable in enriched plasma EVs, but also their potential existences in EVs as well as their relevance to breast cancer cells were verified by such overlapping, suggesting that these 440 features were the features most likely to be associated with breast cancer EVs in the plasma.

[Figure 5(D](#F0005)) shows the comparison between cancer and non-cancer groups of the 2108 features detected in the patient samples. About 217 features show statistically significant difference between cancer and non-cancer groups (*p* \< 0.05). About 197 features show that the relative abundance are significantly higher in cancer group compared to non-cancer group by equal or more than 1.5-folds (*p* \< 0.05), while six of these features show that relative abundance are significantly lower in the cancer group compared to non-cancer group by equal or less than 0.5-folds (*p* \< 0.05). More features were on the elevated level side, which is consistent with the expectation of EVs enrichment.

General features found in plasma EVs and high-abundant plasma proteins were compared between cancer and non-cancer group ([Figure 5(E)a-e](#F0005)), as well as between plasma EV fraction and the neat plasma ([Figure 5(E)f-j](#F0005)). As general EV marker, ACTB showed statistically significant between cancer and non-caner group ([Figure 5(E)a](#F0005) *p* \< 0.05). In contrast, VWF showed no statistically significant difference ([Figure 5(E)b](#F0005) *p* \> 0.05). Similarly, the high-abundant plasma protein such as ALB, A2M and IgG also showed no statistically significant difference between cancer and non-cancer group ([Figure 5(E)c-e](#F0005), *p* \> 0.05), indicating the source of high-abundant plasma protein contaminations in the enriched EV fraction were roughly consistent across groups. At the same time, [Figure 5(E)f-j](#F0005) shows that the general EV markers ACTB and VWF are both significantly higher in the enriched EV fraction compared to the corresponding neat plasma (*p* \< 0.05). In contrast, all plasma high-abundant proteins (ALB, A2M and IgG) show magnitudes higher in neat plasma sample compared to the corresponding enriched EV fraction, consistent with the above result that the EVs from the patient plasma were enriched by the F68 copolymer (*p* \< 0.05). Meanwhile, there was little correlation in the high-abundant plasma proteins in the EV fractions with those from the corresponding neat plasma, suggesting trace of plasma leftover should not be the cause of such signal, especially for those proteins that were categorized as 'Undetermined' that showed potential in either EV or plasma proteins category.

In order to assess the potential classification power by the plasma EV proteomic profiles, a leave-one-out (LOO) cross-validation model was built. The prediction performance in terms of the AUC value was obtained. [Figure 6(a](#F0006)) shows the overall AUC performance is 0.7625 with optimal specificity of 0.9 and sensitivity about 0.6. To examine whether such performance was due to a random chance, AUC performance was calculated from 10,000 randomly permutations of the sample label. Distribution of AUC performance from the permutations is shown in [Figure 6(b](#F0006)). Compared to the permutation AUC performance, the AUC 0.7625 obtained from the correct sample permutation is statistically significant ([Figure 6(b](#F0006)), *p* \< 0.05), indicating that the classification performance between the original cancer/non-cancer group was not due to a random chance, suggesting the features from enriched plasma EVs was capable of separating the advanced breast cancer patient from non-cancer controls.10.1080/20013078.2018.1458574-F0006Figure 6.Classification performance and feature selection by LOO cross-validation model. (A) Classification performance of the semi-quantitative mass spectrometry data was evaluated by a LOO cross-validation model based on random forest. The overall performance is AUC 0.7625; (B) classification performance on random permutations. Distribution of the AUC performance from all permutations was shown as blue, red vertical line marks the AUC performance of the correct sample label. *p*-Value is calculated by the percentage of permutation with equal of higher AUC performance than the original AUC; (C) non-supervised hierarchical clustering of the patient samples by the features selected from the prediction model above. Two clusters were clearly formed in the patient samples, cluster 1 contains 16 cancers and 3 non-cancers (80% sensitivity), cluster 2 contains 4 cancer and 17 non-cancers (85% specificity).

Sixty features that consistently contributed to the model in differentiating cancer from non-cancer sample were selected. An un-supervised hierarchical clustering was performed to classify the current patient samples. As shown in [Figure 6(c](#F0006)), two clusters were clearly formed, one with mostly cancer sample (16 cancers vs. 3 non-cancers) and the other is mostly non-cancer (17 non-cancers vs. 4 cancers), with sensitivity of 80% and specificity of 85%, confirms the above feature selection process was able to screen features that separates advanced cancer patients from non-cancer controls.

To further illustrate that the signal detected in the plasma EVs for the selected features was not from the trace of leftover plasma, [Figure 7](#F0007) shows some of those features with the most significant difference between advanced breast cancer and the non-cancer patients, as well as the comparison of their signals in plasma EVs to the corresponding neat plasma. Not only these features showed significantly higher relative abundance in advanced breast cancer group compared to the control group (*p* \< 0.05), but also they were mostly only detected in the enriched plasma EVs but not the corresponding neat plasma. Little correlation was found between the signals in enriched plasma EVs and the neat plasma, indicating that the selected features were most likely to be enriched by the proposed procedure instead of trace of the plasma leftover.10.1080/20013078.2018.1458574-F0007Figure 7.Top features selected comparison between advanced breast cancer/non-cancer groups as well as comparison between enriched plasma EVs and the neat plasma. Whisker Boxplot comparison between cancer/non-cancer; dot plots comparison of individual enriched plasma EV and their corresponding neat plasma (blue: plasma EV, red: neat plasma).

Discussion {#S0004}
==========

Secreted EV encompasses a very rapidly growing scientific field in biology and medicine. According to International Society for Extracellular Vesicles, it is yet technically challenging to obtain a totally pure EV fraction free from non-vesicular components for functional studies. Though EVs are proven to contain proteins, lipid, mRNA and non-coding RNA species, the field of EV has not yet matured to the point that a list of 'specific markers' could be given so that the EV population could be clearly separated from each subpopulation as well as the contaminants \[[22](#CIT0022)\].

An ideal plasma EV enrichment method should be that the EV fraction is enriched with high efficiency while containing as less as possible of the plasma protein contaminations. In terms of the efficiency, reproducibility and simplicity, precipitation-based methods are still more competitive compared to UC- or IP-based methods. However, the applications of EV profiling by precipitation-based methods depends on the selectivity of the precipitation reagent as well as the compatibility of the resulted EVs fraction to the downstream analysis. There is no single platform or characterization yet, by its own, sufficient to indicate the enrichment of EV. Multiple platforms and characterization might be more appropriate to evaluate the potential enrichment. In our study, we showed that the Pluronic copolymer F68 was able to enrich the plasma EVs with membrane structure, ranging from 20 to 100 nm in size, contains highly enriched set of EV-related proteins as well as varieties of RNA species. At the same time, with less high-abundant plasma proteins, contamination was detected in the enriched EV fraction. The enriched EVs were also proven to have broad compatibility for variety of downstream applications including TEM, FL and MS without any additional procedures to remove the copolymer. According to the minimal experimental requirements for definition of EVs, at least three proteins should be reported in at least semi-quantitative manner in any EV preparation \[[22](#CIT0022)\]. Here we reported not only the higher enrichment of EV related protein, including CD9, ACTB, HSP70 and VWF, but also lower the potential high-abundant protein contaminants (ALB, A2M and IgGs) from plasma by two semi-quantitative methods. Shotgun proteome further found that the method enriched more potential EV proteins than others. However, since unique features were still found in different enrichment methods, the existence of such EV subpopulation that only could be enriched by specific reagent could not be excluded.

In another remark, according to the minimal experimental requirements for definition of EVs, markers that are supposed to be absent or under-represented may also necessary to evaluate the purity of the enriched EVs\[[22](#CIT0022)\], semi-quantitative comparison for couple of such markers is shown in Supplement Figure 2, including cytochrome c (CYCS, mitochondria), calnexin (CANX, ER) and endoplasmin B1 (HSP90B1, ER). Compared to other methods, F68 precipitation was the only method that consistently showed significant lower enrichment of these mitochondria and endoplasmic reticulum protein markers in both comparisons to neat plasma and to other methods. However, it is worth to note that the meaning of interpreting absence or under-represented marker that is already absent or under-represented in plasma might be limited and controversial, partially because lack of a standard on what should be considered as normal for such markers in plasma sample as well as incomplete understanding of the cellular vesicles communications.

Almost half of the proteins that are highly enriched by F68 method (122 out of 263) were not able to match the categories described in [Figure 3(C](#F0003)), further studies might be necessary to illustrate whether these proteins are cargos that are packaged by either specific or non-specific means into EVs other than through the EV biogenesis pathway. Interestingly, most of these proteins belong to three sub-categories, including integral components of membrane, cytoplasm (cytosol) and nucleus proteins. The integral components of membrane include those proteins that might involve in interaction with the membrane bound receptor signalling cascades, such as C-C chemokine receptor type 8 (CCR8), cysteinyl leukotriene receptor 2 (CYSLTR2), probable G-protein coupled receptor 151 (GPR151), ATP-binding cassette sub-family G member 5 (ABCG5); a lot of proteins were identified as cytoplasm/cytosol and nucleus proteins with RNA/DNA binding capability, including YTH domain-containing family protein 1 (YTHDF1), cysteine/serine-rich nuclear protein 1 (CSRNP1), PHD finger protein 21A (PHF21A), RNA-binding protein 42 (RBM42), zinc finger protein (ZFAT), transducin-like enhancer protein 1 (TLE1), homeobox-containing protein 1 (HMBOX1), single-stranded DNA cytosine deaminase (AICDA), Krueppel-like factor 17 (KLF17), which are involved in various functions from potential translation regulation, tumour suppressor to transcription factor activity. The finding is consistent with the study that reveals that transcriptional regulator proteins were highly abundant in EVs \[[39](#CIT0039)\], the potential biological implication of such factors being highly enriched in the plasma EVs that might deserve more investigation.

Although it has been shown that a variety of RNA species exist in EVs \[[32](#CIT0032)\], profiling of RNA/smRNA from plasma EVs has been challenging. The profile was highly dependent on the method used in preparing the EV fraction. This was further complicated by the fact that smRNAs are well-known to circulate in the bloodstream and other body fluids in a stable, cell-free status \[[40](#CIT0040)\], resulting in the RNA profiles variation by different methods and may contain undistinguishable contaminants by various degrees. Despite that, with highly enriched EV-related protein and much less enrichment for high-abundant plasma proteins in the current method, supporting improvement could be achieved in the current study.

In a broader view, the RNA/smRNA profiles for plasma EVs enriched by F68 were consistent with other PEG-based enrichment methods from other studies (either from Exoquick or from TEI kit preparations) \[[32](#CIT0032),[41](#CIT0041)\]. miRNA, piRNA, tRNA, tRFs, Y_RNA, RNY, MtRNA, protein_coding RNA, rRNA, lincRNA as well as snRNA and snoRNA were all detectable. Interestingly, large amount reads were mapped to Mt_RNA. There might be two explanations: (1) small mitochondrial debris might still be co-precipitated with the copolymer, which is supported by the existence of small portion of particles with larger size, even in the UC cell line EV preparations; (2) alternatively, a recent study showed that mitochondria are also able to generate small vesicular carriers that transport mitochondrial contents to other intracellular organelles. One of the targets of such transportation from mitochondria was the late endosome, or MBV, where the EVs were formed \[[42](#CIT0042)\], suggesting communication between mitochondrial and endosome, or maybe MVB as a result, which might be one of the reason for such high level of mitochondrial RNA in the plasma EV fraction.

To explore the potential application for this enrichment method, proteomic profiling were performed and compared between the plasma EVs enriched from advanced breast cancer and non-cancer controls. The breast cancer plasma samples were all from advanced clinical stage (III and IV), the reasons of using such settings are in two-folds: (1) according to the definition of breast cancer stages (<https://www.cancer.net/cancer-types/breast-cancer/stages>), a major character of clinical stage III and IV is that cancer of any size has spread to 4-9 axillary lymph nodes or has spread to the chest wall or caused swelling, or ulceration of the breast, as well as further spread to other organs. Symptoms like these might imply at these two stages, cancer cells were actively spreading to distal tissue and maybe constantly in contact with the bloodstream, implying cancer-cell-generated EVs may be more likely expelled into the bloodstream. Therefore, proteins related to cancer aggression behaviour at such advanced stages might be more likely to be captured from plasma EVs. (2) By adopting such settings, features selected from the model were expected to be related to the cancer aggression, metastasis or invasion, characters that are generally associated with such advanced stages. Therefore, it provides a clear direction for potential result interpretation.

Feature selection process in the study also focused on those that were shared between enriched plasma EVs and breast cancer cell line EVs. This is because the purity of the enriched EVs is yet to be perfect even after the enrichment method had been improved. Therefore, without such screening, it might be difficult to ensure the association of the observed features to EVs. Additionally, EVs in plasma may come from may come from variety of sources but not necessary related to breast cancer cells. By selecting the features whose EV existence were verified from the breast cancer cell lines, the potential relevance of these features to the actual breast cancer status could be significantly increased. Combined with these two filters, the resulting features may have a better chance to associate with breast cancer at that stage.

Characterizations of the four different breast cancer cell lines, including MCF7, MDA-MB-231, MDA-MB-468 and T47D, have been done elsewhere \[[43](#CIT0043)\]. Though genotypes, morphologies as well as growth rates might be different for these cell lines, one character in common for these cell lines is that they are all derived from cancer metastasis/invasion sites \[[44](#CIT0044)--[47](#CIT0047)\] and they are all able to show aggression, metastasis and invasion behaviour in different models \[[43](#CIT0043),[48](#CIT0048)\], implying certain common factor might be involved in regulating such aggression/metastasis/invasion behaviour. One of the expectations for the clinical comparison study was to find out whether such common features related to cancer aggression could be found in the plasma EV and whether these features could be used to differentiate the cancer patient from the non-cancer patients.

In the LOO cross-validation model, 60 core features were selected. They are features that were detected in both patient plasma EVs and the breast cancer cell-lines-generated EVs. These features were able to separate the advanced cancer sample population from non-cancer patient in either the cross-validation model or by un-supervised hierarchical cluster method. Interestingly, according to the information from The Human Protein Atlas database \[[49](#CIT0049)--[51](#CIT0051)\], as shown in [Table 1](#T0001), the expression of over 70% of these features (43 out of 60) have been confirmed by immunohistochemistry on the breast cancer tissues slides, only 17 proteins are yet to be confirmed, partially because lacking of suitable antibodies, consistent to our expectation by screening the initial features from enriched plasma EVs with features from EVs generated by breast cancer cell lines. 10.1080/20013078.2018.1458574-T0001Table 1.Summary of 60 Features selected from the LOO model.Gene namePrognostic value in cancerIHC expression breast cancer tissueReferences to breast cancer*p*\_val (*t*-test)ACTBRenal, head and neck cancerYes\[[52](#CIT0052)\]0.002ACTC1Head and neck, urothelial cancerYes\[[53](#CIT0053)\]0.001ANKRD62NANA 0.004APOENAYes\[[54](#CIT0054)\]0.019ATRPancreatic, liver cancerNA 0.004CDC14ANAYes\[[55](#CIT0055),[56](#CIT0056),[97](#CIT0097)\]0.004CFAP44Urothelial cancerNA 0.005CHD2NAYes\[[57](#CIT0057)\]0.009CHD7Endometrial cancerYes\[[58](#CIT0058)\]0.02CNOT2Renal, liver, melanoma cancerYes\[[59](#CIT0059),[98](#CIT0098)\]0.003EGFRUrothelial cancerNA\[[60](#CIT0060)\]0.003HRCNANA 0.003ITGB3NANA\[[61](#CIT0061),[62](#CIT0062),[99](#CIT0099),[100](#CIT0100)\]0.017LRP1BNAYes 0.002MTMR3NAYes\[[63](#CIT0063)\]0.009NKAPBreast cancerYes\[[64](#CIT0064),[65](#CIT0065)\]0.002ODF2Liver, prostate cancerYes 0.001POTEENAYes\[[66](#CIT0066)\]0.008POTEKPNANA 0.003PPIGRenal cancerYes 0.002PRSS3Endometrial cancerYes\[[67](#CIT0067)--[69](#CIT0069)\]0.003REV3LNAYes\[[70](#CIT0070),[71](#CIT0071)\]0.002SCN2ANANA\[[72](#CIT0072)\]0.003SPTBN1Renal cancerYes\[[73](#CIT0073),[74](#CIT0074)\]0.003TMEM87ANAYes 0.019XIRP2NAYes 0.013ZNF33BNAYes 0.006ZNF804ANAYes 0.002PRPF4BUrothelial, liver cancerYes 0.006BAZ1BNANA 0.004CCDC191Urothelial cancerYes 0.013CNTLNNAYes 0.011KIAA0100Liver cancerYes\[[75](#CIT0075),[101](#CIT0101)\]0.001NEBNANA 0.024TRPM6NANA 0.017ZKSCAN5Liver, thyroid cancerYes 0.024ZC3H13Renal cancerYes 0.063DSTNAYes\[[76](#CIT0076)--[78](#CIT0078)\]0.008EGLN1/PHD2Cervical cancerYes\[[79](#CIT0079)--[81](#CIT0081)\]0.026KDM5ANANA\[[82](#CIT0082)--[84](#CIT0084)\]0.02NCAPD3NANA 0.011NEXNColorectal cancerNA 0.011SETD2Renal, melanoma cancerYes\[[85](#CIT0085),[86](#CIT0086)\]0.022ADAM17Urothelial cancerYes\[[87](#CIT0087)--[89](#CIT0089)\]0.043CACNA1BNAYes\[[90](#CIT0090)\]0.035GOLGA6L2NANA 0.018IQCA1LNANA 0.024TTNNAYes 0.02F5Stomach cancerYes 0.011EIF3ANAYes\[[91](#CIT0091)\]0.019MYO6Renal cancerYes\[[92](#CIT0092),[93](#CIT0093)\]0.05CALD1Renal, melanoma cancerYes\[[94](#CIT0094)\]0.023NRAPNAYes 0.058CREBBPRenal cancerYes 0.023CCDC136NANA 0.017MSL2Cervical cancerYes 0.015KMT2ANAYes\[[95](#CIT0095)\]0.056ZNF77Lung, endometrial, cervical cancerYes 0.053USP33NAYes\[[96](#CIT0096)\]0.044SORL1Renal cancerYes 0.024[^1]

Also according The Human Protein Atlas database, the prognostic performances of these 60 features were also analysed by respective RNAseq data sets generated by The Cancer Genome Atlas (TCGA). The analysis was based on the FPKM value of each gene, patients were classified into two expression groups and the correlation between expression level and patient survival was examined by Kaplan--Meier survival estimators, and the survival outcomes of the two groups were compared by log-rank tests (<https://www.proteinatlas.org/>). Almost half of those protein (28 out of 60) features show significant prognostic values on various cancers, implying their potential relevance to breast cancer.

Also through literature searching, 28 out of 60 features show potential association to breast cancer aggression/metastasis/invasion ([Table 1](#T0001)) by previous studies. For example, dual specificity protein phosphatase (CDC14A) was shown to be recruited to the cell leading edge to regulate cell migration and adhesion in breast cancer cells \[[97](#CIT0097)\]; CCR4-NOT transcription complex subunit 2 (CNOT2) was shown to promote proliferation and angiogenesis via VEGF signalling in breast cancer cells \[[98](#CIT0098)\]; downregulation of Integrin beta-3 (ITGB3) modulates cell adhesion and invasion by interrupting Erk/Ets1 network in triple-negative breast cancer \[[99](#CIT0099)\]; tumour but not stromal expression of ITGB3 is essential and required early bone-metastatic breast cancer \[[100](#CIT0100)\]; high levels of antigen MLAA-22 (KIAA0100) expression were associated with poor prognosis in patients with invasive ductal carcinomas of the breast \[[101](#CIT0101)\]. Observing such large portion of features to be related to cancer aggression, metastasis and invasion is consistent to our initial expectation.

It is worth emphasizing that even though the EV fraction precipitated by the copolymer method was much cleaner, we still could not exclude the possibility of contamination from certain amount plasma or other organelle debris, as they might be indistinguishable from EV in terms of size as well as membrane properties. Indeed, our result showed the presence of a small percentage of larger vesicles and enrichment of some non-EV-related organelle proteins. On the other hand, lack of universal EV unique markers might raise some questions regarding the categorization accuracy, as proteins might locate in multiple organelles. As more studies are emerging, more explicit definition would be expected. Also in terms of detected EV related proteins, evaluating different enrichment method might be difficult since they all have their unique EV proteins subset, the possibility of having common and different EV populations targeted for different methods could not be excluded. However, despite these concerns, the simple procedure, high enrichment and much less high-abundant plasma protein contamination in the current method might offer more advantages.
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[^1]: Prognostic potential by their RNA expression level in cancer tissue from TCGA database analysed by The Human Protein Atlas database (NA: not available); protein expression of each protein from breast cancer tissues from The Human Protein Atlas database (NA: not available). The literature references of association of these proteins to breast cancer aggression, metastasis and invasion. The *p*\_val of comparing plasma EV samples between advanced breast cancer and non-cancer group.
